With increasing utilization of the composite materials in commercial and military applications, the longevity of composite bonds has become a crucial concern of the aerospace industry. In spite of the previous studies in the literature for characterization of bonding condition in composite materials, implementation of more advanced structural health monitoring (SHM) techniques are still required to ensure flight safety and quick inspections of structures. In this study, two different SHM methods were used to evaluate the strength of composite bonds by using two separate experimental setups. First, the heterodyne effect method was used for assessing the separation in the composite joint. en, the surface response to excitation (SuRE) method was used for studying various simulated contamination levels. Results of the experimental studies showed that the proposed methods could be efficiently utilized for evaluating bonding strength of composite materials.
Introduction
Composite materials have found numerous applications in automotive, industrial, aerospace, civil, and mechanical engineering applications due to their excellent strength to weight ratio and resistance to corrosion [1] [2] [3] [4] [5] . Particularly, Carbon Fiber Reinforced Plastics (CFRPs) have been widely used in the aerospace industry because of these benefits. Investigation of the longevity of the composite materials is of great importance in these critical applications [6] [7] [8] . Two important areas of concern regarding the usage of the composite materials are delamination and debonding of composite joints. Debonding and delamination would severely reduce the strength of the composite structures and may lead to catastrophic failures [9, 10] .
Nondestructive testing (NDT) methods were proposed for inspection of different Engineering applications by Farhangdoust et al. [11, 12] and composite materials during their service lives by Bayraktar et al. [13] . Application of various NDT methods, such as visual testing (VT or VI), ultrasonic testing (UT), thermography, radiographic testing (RT), electromagnetic testing (ET), acoustic emission (AE), and shearography testing in the evaluation of composite bonds, has been reviewed by Gholizadeh [14] . Boopathy et al. [2] discussed the merits of the NDT methods for inspecting the composite structures of the aircraft. Two approaches have been developed to detect various types of bond damages in composites by considering the surface or internal defects [14, 15] . Detection of the defects of the composite structures by using piezoceramic sensors has been studied by Staszewski et al. [16] . Structural health monitoring (SHM) methods were implemented for online monitoring of composite structures [16] [17] [18] [19] [20] [21] . Two inspection methods for the composite bond were analyzed by Crane and Dillingham [22] . ey included a brief review of inspection methods for the adhesive bonds. Lissenden and Rose [23] embedded piezoelectric fibers into the composite materials and experimentally evaluated their performance. Sensor-embedded composite structures have great potential for implementation in military applications.
When pinching, harmonic excitation is applied to the surfaces of the well manufactured composite planes; the surface waves primarily propagate with the applied frequencies. is behavior is considered linear. Particular types of damages, such as debonding and delamination, can cause the structure to change its behavior from a linear to a nonlinear state. e propagating surface waves will have additional frequencies. When these structures with these types of nonlinear behavior are excited with two appropriate excitation frequencies, the new frequencies appear in the response of the system at the difference, summation, and some other harmonics of the two excitation frequencies. is phenomenon is known as the heterodyne effect [24, 25] . e heterodyne method uses relatively low voltage excitation signal in comparison to the other nonlinear SHM methods [26] [27] [28] [29] , and the excitation frequencies are not limited to the combination of a high and a low frequency.
Electromechanical Impedance (EMI) method is one of the most popular linear SHM methods. Surface response to excitation (SuRE) method is the cheaper alternative of the EMI approach and gives the user the freedom for selection of the sensor and the location of the monitored response [30] [31] [32] [33] [34] [35] [36] . e SuRE method detects the developing structural defects by monitoring the variation of the frequency response of the structure when it is excited by using a sweep sine wave in a broad frequency range.
In this study, heterodyne and SuRE methods are used for inspection of the bonds of composite joints. e goal was a comparison of the performances of nonlinear and linear approaches. In the following sections, the theoretical background, experimental methods, results, and conclusion are presented.
Theoretical Background
e heterodyne and SuRE methods will be briefly discussed in this section.
Heterodyne Method.
e heterodyne method was originally developed for radio transmission; however, it has been used in many other applications. Typically, the input and the output frequencies of linear systems are the same. However, nonlinear systems create additional frequencies. When some nonlinear systems are excited at two different frequencies, their behaviors are very predictable. ey generate new frequencies at the difference, addition, and some other harmonics of the excitation frequencies. is is called the heterodyne effect.
e heterodyne method monitors the development of these new frequencies in the signal. Since the characteristics of the system change from linear to nonlinear with the development of the defects, it is not necessary to get baseline or reference in pristine conditions and to quantify the difference of these characteristics with the time.
Surface Response to Excitation (SuRE)
Method. SuRE method uses a piezoelectric transducer to excite the structure in a wide frequency range. e response of the system is monitored at the desired location with another piezoelectric sensor. e frequency spectrum of the response is calculated. e frequency spectrum is consistent if there are no changes in the structure. By the development of any defects such as a crack or delamination, the frequency spectrum changes.
e frequency response of the monitored signal is collected when the structure is in the desired condition. is is considered the reference or baseline. e frequency response of the system was periodically obtained, and the sum of the squared differences (SSD) between the baseline and collected data is calculated by the following equation:
In this equation, B and R are the amplitudes of the FFT for the baseline and periodically collected data at another time and m represents the number of frequencies for the FFT.
Experimental Setup
To evaluate the performances of the heterodyne effect and the SuRE method, contamination between two plates was simulated. Two square carbon fiber composite plates with 11.75″ × 11.75″ × 0.06″ dimensions were held together by using four nickel-plated magnet pairs each with 1″ diameter and 3/8″ thickness. Aluminum foils were used to act like simulated contamination or debonding.
Heterodyne Method.
For evaluating the performance of the heterodyne method, two PZT disks with the distance of 6″ were attached to the top plate to excite the system with two harmonic waves with different frequencies. Another PZT disk was attached to the center of the bottom plate to act as the sensor. ree different sizes of aluminum foils were used to act as the contaminant by separating the composite plates. e diameter and the thickness of the PZT disks were 0.8″ and 0.04″, respectively. e signals of the PZT disk located at the center were recorded at 1 MHz sampling rate.
Surface Response to Excitation (SuRE) Method.
To evaluate the performance of the SuRE method, the same plates with two PZTs attached to the top plate were used. One of them was used as an exciter and the other one was used as the sensor. e exciter was used to create surface waves at the surface of the structure in the broad range of frequencies by using sweep sine wave. e diameter and the thickness of the PZT disks were 0.8″ and 0.04″, respectively. e signal of the PZT disk which was used as a sensor was recorded at a 1 MHz sampling rate.
Results and Discussion
Two sets of experiments were performed to detect the size of simulated contamination between two composite plates when composite plates were held together using magnet pairs. In the course of the experiment, it was shown that heterodyne effect and SuRE method can efficiently detect the simulated contaminations in the composite bonds as nonlinear and linear SHM methods, respectively.
Heterodyne Method.
e experimental setup shown in Figure 1 was used to evaluate the effect of different levels of contamination between the plates. First, practical test frequencies were selected for the experiments. Later, the best frequency combination was used when different foil sizes were sandwiched between the plates. e amplitude of the frequency at the difference of the excitation frequencies was monitored.
In the experiments, three different sizes of aluminum foil sheets were sandwiched between the composite plates. e plates were held together with four couples of magnets. e experimental setup shown in Figure 1 was used. e PZT on the top plate was excited with a sweep sine wave from 50 kHz to 550 kHz. e spectrogram of the PZT signal at the bottom is presented in Figure 2 . e structure showed the significant nonlinear behavior around 250 kHz. is frequency and two other frequencies with 20 kHz difference, 230 kHz and 270 kHz, were selected as the excitation signal for the next step. In this step, two PZTs on the top plate were excited with 230 kHz, 250 kHz, and 270 kHz using 20 V peak to peak voltage for excitation frequencies. One of the PZTs was excited using the combination of all three, 230 kHz, 250 kHz, and 270 kHz, frequencies when another PZT only used 250 kHz.
e PZT attached to the bottom plate recorded the response signal with 1 MHz sampling frequency. e spectrum was calculated when the experiment was repeated by three different size foils simulating varying degrees of the simulated contamination. First, the 6″ by 6″ aluminum foil was used for separation of the top and bottom composite plates. Later, the experiment was repeated when the 8″ by 8″ and 10″ by 10″ aluminum foils were utilized. e spectrum of the signals of the PZT which was attached to the bottom plate was calculated by using FFT and is presented in Figure 3 . In this plot, the spikes around three excitation frequencies (230 kHz, 250 kHz, and 270 kHz) can be seen. By zooming in on the difference of the excitation frequencies, 20 kHz, it can be seen that the amplitudes of the spike increased when the separated area between the composite plates was increased (Figure 3 ).
Surface Response to Excitation (SuRE) Method.
e experimental setup shown in Figure 4 was used. A sweep sine wave from 10 kHz to 370 kHz was applied to the PZT on the top plate ( Figure 5 ). e other PZT at the bottom plate was used as the sensor. e baseline data were collected when the composite plates were held together without any aluminum foil between them. e spectrum of the signal was calculated by using the FFT. e experiment was repeated three times with the different sizes of aluminum foil were sandwiched between the plates. e spectrums collected at the four tests are presented in Figure 5 . Experiments were performed without any foil, and three different sizes of foils were sandwiched between the plates. e SSD increased when the size of the simulated contamination between two composite plates increased ( Figure 6 ). e results indicated that the SuRE method can be used for detection of simulated contamination between the plates.
Conclusions
Composite materials are joined together with adhesives in many applications. Several SHM methods have been developed for detection of weak bonding and delamination which can lead to failure. In this study, performances of the heterodyne and SuRE methods were compared. Heterodyne method evaluated the change of the behavior of the structure from linear to nonlinear.
e SuRE method assessed the change of the response characteristics or linear behavior.
First, the heterodyne method was used to identify the change in the size of the simulated contamination between two composite plates. First, a sweep sine wave was used to recognize the proper excitation frequencies for the heterodyne method. Since there was nonlinearity in the system, new frequencies at the difference, summation, and some other harmonics of the two excitation frequencies appeared. By monitoring the amplitude of the spike at the difference frequency, it was shown that the amplitude of the spike increased by the increase of the simulated contamination size between two composite plates.
Secondly, the surface response to excitation (SuRE) method was used for the detection of simulated contamination between two composite plates with a linear SHM method. A PZT attached to the top plate was used to excite the surface of the top composite plate at a broad frequency range. Second PZT on the same plate was used to monitor the surface waves. e SSD increased with the increase of the size of the simulated contamination between the two composite plates. e SSD index was reasonably sensitive to the changes of the simulated contamination size.
Based on the results, the use of both methods is feasible for detecting separation between the joined composite plates with sturdy fasteners or adhesives. e SuRE method was more sensitive to the simulated contamination and size of it. However, it requires a baseline or reference data. e heterodyne effect also worked well without any baseline.
Typically, we cannot expect the increase in the amplitude of the spike at the difference of the excitation frequencies by the length of the contamination since the amplitude of the spike depends on the effective length of the rubbing surfaces, not the nominal length of the contamination. In this case, the size of the rubbing surface was carefully increased while sandwiching the aluminum foils. Also, it would be possible to locate the delamination in the heterodyne method using neural network approaches, by looking at the amplitude of the spikes at different combinations of excitation frequencies.
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